The existence of bedding in shale plays an important role in the physical properties and destruction processes of shale. In order to study the failure mechanism of shale with different dip angles under the coupling of seepage and stress, the study uses RFPA2D-Flow software to advance the seepage-stress coupling numerical simulation for seven groups of different bedding direction shale. Research shows that (1) the compressive strength and elastic modulus of shale are significantly affected by the bedding directions. The compressive strength can be observed with the apparent anisotropy of the shale compressive strength with the change of the bedding angle α; the elastic modulus increase with the increase in α as a whole. (2) The ultimate failure mode of shale under different bedding angles can be divided into V type (0°), inverted V type (15°), multi-line type (30°), oblique type I (45°, 90°), and oblique N type (60°, 75°); the failure of shale in each group direction is mainly tensile failure with a small amount of shear failure. It can be found that the spatial distribution of acoustic emission (AE) reflected the macroscopic failure mode of shale. (3) The fractal dimension can well reflect the failure mode of the sample. From the trend of the dip-fractal dimension curve, the fractal dimension of the multi-line type reach to maximum, which is 1.41 699, and the D value of the oblique type I is the smallest, between 1.28 191 and 1.286 181. And the values of the inverted V type, V type and oblique N type, between 1.286 181 and 1.41 699. Therefore, the larger the value is, the more complex the shale failure mode is.
| INTRODUCTION
In recent years, with the gradual reduction of conventional energy resources such as oil and natural gas, the exploration and development of shale gas have become a hot spot in current energy research. Shale gas is a kind of unconventional natural gas resource with large storage, wide and clean distribution. It has the advantages of long life and long production cycle, and has a broad prospect of progress. Exploration has found that China's shale gas reserve is abundant and its development potential is huge, which has a strategic position in China's future oil and gas exploration and development. 4, [28] [29] [30] 33, 50, 6, 18, 31, 46, 16, 43, 45 Because of the poor physical properties of shale gas reservoir and the extremely low porosity and permeability, hydraulic fracturing technology is the main method to increase production of shale gas reservoir at present. 7, 15, 21, 22, 25, 32, 31, 51 In the exploration and development of shale gas, the mechanical characteristics and failure mode of shale are important index to evaluate the geo-mechanical characteristics of the shale reservoir and development effect, which is very important to hydraulic fracturing design and horizontal well deployment. 11, 17, 42, 44, 48, 49 At present, many domestic and foreign scholars have been done many researches about the mechanical properties and failure mode of shale. Niandou et al 20 studied the mechanical anisotropy of Tournemire shale through hydrostatic pressure and triaxial compression test, analyzed the plastic deformation and failure modes of shale in detail, and obtained the relationship between elastic parameters and failure modes and confining pressure and dip angle. Valès et al 27 studied the effects of the saturation of Tournemire gas-bearing shale on mechanical properties through uniaxial and triaxial compression tests. The results showed that the shale mechanical properties were particularly sensitive to shale saturation,Mokhtari et al 19 discussed the characteristics before and after the shale failure through triaxial and acoustic testing, obtained the relationship between residual strength and confining pressure and dip angle after peak failure. Sone & Zoback 24 studied the relationship between elastic modulus, toughness creep behavior, and brittle strength of Barnett, Haynesville, Eagle Ford, and Fort St. John's shale gas reservoirs through series of triaxial tests. The tests showed that the viscoplastic creep strain was approximately linear with the applied differential stress, and the creep tendency was also correlated with the static Young's modulus. Chen et al, 5, 8 quantitatively analyzed the mechanical properties of shale through the microindentation test of shale. The results showed that the distribution of meso-elastic modulus and indentation hardness was uniform, and the meso-elastic modulus and indentation hardness increase nonlinearly with the increase in filler density. Based on the shale of direct shear test, Heng et al 12 proposed the shear stress concentration coefficient. According to the shear mechanism, the mechanical properties of the bedding plane were studied, and the test results of shear strength anisotropy under different bedding angles were obtained. Gao et al 10 used energy dispersive X-ray scanning electron microscopy (SEM) to analyze the microstructure and material composition of gas-bearing shale in Ohio, and through the ultrasonic test analysis, the shale showed obvious anisotropy. Rybacki et al 23 studied the brittleness of black shale with different mineral composition, porosity, and maturity in Europe. The test showed that the deformation behavior of the sample from brittleness to semi-brittleness changed with the increase in pressure and temperature. Wu et al 34 used RFPA2D-DIP numerical simulation software to study the impact of microstructure on shale compressive strength and failure mode under different loading directions. The results showed that the mesostructure had an important influence on the compressive strength and failure mode of shale under different loading directions.
With the deepening of shale research, several scholars have been done various researches on the shale permeability characteristics. For example, Dong et al, 9 compared the permeability and porosity of shale and sandstone. The results show that the permeability of shale is more sensitive to effective confining pressure than sandstone, and the permeability and porosity follow a power relationship under effective stress. Chen et al, 5, 8 established a model of the relationship between crack permeability and effective stress of gas shale through theoretical derivation, and studied the influence of permeability on model coefficient and crack compressibility. Carey et al 3 used three-axis torus and X-ray tomography technique, combined with finite-discrete element model (FDEM) analysis to study the crack permeability of Utica shale. It is found that the new crack may be the source of permeability when the bedding plane is perpendicular and parallel to the direct shear loading. Wu et al 36 studied the relationship between shale porosity and permeability and effective stress through experiments. The results show that the porosity and permeability of the shale decrease with the increase in effective stress. From the above studies, we can see that the current research on shale mainly focuses on the mechanical properties, failure mode, and permeability characteristics, the research on the fracture mechanism of shale with different bedding dip angle under the coupling of permeability and stress is lacking. But research in this area has had a significant influence on the hydraulic fracturing design of shale production and the deployment of horizontal wells. Therefore, it is necessary to do in-depth research in this area.
The establishment of fractal dimension theory provides a new theoretical basis for rock fracture and damage analysis. Xie. 38 applied fractal geometry to rock damage mechanics and made breakthroughs, and found that the fracture and damage processes of rock have fractal characteristics. Kusunose et al 13 conducted triaxial compression tests on two different granitic granodiorite, Inada and Oshima, and discussed the fractal dimension of the acoustic emission spatial distribution. It was found that the rock particles can affect the spatial distribution and expansion of microcrack. Xie et al 37 analyzed the fractal characteristics of the spatial distribution of acoustic emission during rock damage and failure, and obtained the fractal dimension value to reflect the failure state of the rock. Zhang et al 47 analyzed the fractal dimension of the acoustic emission time series generated by the shale formation microcrack by the Brazilian splitting test. It was found that the fractal dimension can reflect the formation and expansion of the microcrack. From the above research, fractal theory plays an important role in the study of rock failure and damage.
In this paper, the shale core of Niutitang formation of Lower Cambrian in Fenggang block is taken as the research object. The numerical model of shale with different bedding angles is established by using RFPA2D-Flow, and to conduct numerical simulation of shale percolation-stress coupling under fixed osmotic pressure. The change of elastic modulus, compressive strength, and failure mode of shale with different bedding angles under fixed osmotic pressure were studied. In addition, we also carried out the fractal dimension calculation and analysis of the acoustic hair color image and analyzed the relationship between the shale failure mode and the fractal dimension. The research results will provide an important reference for the optimization of fracturing design schemes in shale hydraulic fracturing.
| GEOMORPHOLOGICAL

AND GEOLOGICAL SETTING OF FENGGANG NO. 3 BLOCK
The shale gas exploration area in northern Guizhou is the most abundant shale gas reserves in Yunnan-Guizhou-Guangxi Delta and the Fenggang No. 3 block is the main component of shale gas exploration area in northern Guizhou. The study area of Fenggang No. 3 block is located in Fenggang and Meitan counties in the central part of the northern Guizhou region. It covers an area of 1167 square kilometers and has a thicker shale gas reservoir. As shown in Figure 1 , the study area is located in the southern section of Wuling structural belt, where SN-, NNE-, and NE-trending faults and folds are developed and superimposed. The compressive structural planes along SN-, NE-, and NNE-trending fold axes and thrust sections constitute the main structural framework of the study area. The folds and faults are generally developed in the study area. The folds are dominated by NE-trending and NNE-trending "trough-like" structures, and a series of NE-trending composite anticlines and synclines are developed. The main faults are torsional faults in NNE-trending and NE-trending, and several strike faults interlace each other. Among these tectonic tracks, the SN-trending tectonic belts were formed the earliest, the NE-trending tectonic belts were formed the latest, and the formation time of the NNEtrending tectonic belts was between the two.
The stratigraphic division of Meitan-Fenggang area in which the study area is located belongs to South China stratigraphic region, Yangtze stratigraphic region, northern Guizhousouthern Sichuan region and Zunyi Nanchuan district. Figure 2 is a histogram of the Lower Cambrian lithofacies in northern Guizhou region. According to drilling data and regional outcrops, the strata developed in the study area include Cambrian, Ordovician, Lower-Middle Silurian, Permian, Triassic, Paleogene and Quaternary strata, and the strata of Upper Silurian, Devonian, Carboniferous, Jurassic, and Cretaceous are missing. According to the data, the Niutitang shale in the study area has no exposed, which is mainly composed of black carbonaceous shale, siliceous shale, and phosphorous siliceous shale, and the reservoir thickness of about 24-55 m. In early Cambrian Niutitang period, the northern part of the Yangtze platform was an active continental margin, while the southern part was a passive continental margin. At the beginning of Early Cambrian, the whole area of the study area and its surrounding areas sink, and most of them evolved into shelf sedimentary environment. At this time, the sedimentary paleogeomorphology pattern was high in NW and low in SE. From NW to SE, it was composed of ancient land, shore, shallow-water shelf, deepwater shelf, and slope facies. The deepwater continental shelf generally evolved to shallow-water continental shelf and tidal flat under the background of rapid Marine advancement and slow Marine retreat forming an inundation unconformity characterized by rapid deepening. As a result, the deepwater facies at the bottom of Niutitang formation directly overlaid the Dengying formation and deposited a set of mud shale formations. Because of sedimentation, there are structural weak planes containing quartz, calcite, and other minerals in the shale, forming carbonaceous shales with weak bedding planes.
The regional structure in the study area belongs to the Upper Yangtze platform, and the process of regional tectonic evolution has undergone several stages of tectonic movement superimposition, including the Snow Peak Movement, Early-Middle Caledonian Movement, Late Caledonian Movement, Hercynian Movement, Indosinian Movement, Yanshanian Movement, and Himalayan Movement. The structural morphology of Yangtze platform is very complicated due to the superimposition of multistage tectonic deformation. The Yanshanian movement is the most important period affecting the geological structure of the study area. During this period, the Asian plate was subjected to the intense subduction of the Pacific plate, and the research area was subjected to the compression stress field from northwest to southeast, forming a series of folds and fault zones. The Himalayan movement strengthened the fold belt deformation formed in the Yanshanian period. During this period, the whole area experienced the compression stress field from the near east to the west. With the formation of fold zones, shale structures in the study area are different, forming shale reservoirs with structural planes in different directions ( Figure 3) .
The higher the content of brittle minerals in shale, the more likely it is to produce fractures under pressure. In this paper, 19 shale samples of niutitang formation of Lower Cambrian with different buried depths of well FC-1 are selected, and XRD whole-rock diffraction and clay mineral analysis are carried out. The test results are shown in Figure 4 . As shown in Figure 4 , shale is mainly composed of quartz, potash feldspar, anorthose, calcite, ankerite, pyrite and clay, and the content of quartz ranges from 36% to 92%, with an average of 78%; the content of pyrite ranges from 2% to 25%, with an average content of 7.4%; the content of potash feldspar ranges from 3% to 23%, with an average content of 15%; the content of clay mineral is 2%-30%, with an average content of 8%. The clay mineral is mainly Illite, with an average content of 87%. It can be seen that the black shale of niutitang formation in this area is dominated by brittle minerals, which make the shale more likely to appear joints in the formation process.
In the multi-stage tectonic movement, the study area forms shale reservoirs with weak bedding planes in different directions, and the weak structure has an important impact on the mechanical properties of shale, 12 which significantly affects the further exploitation of shale gas in the study area. Therefore, this paper uses FEM software to simulate the seepage-stress coupling test of weak shale with different bedding, and studies its mechanical properties and failure mode, providing important theoretical support for the development of shale gas exploitation in the research area.
| RFPA2D-FLOW TEST PRINCIPLE
RFPA2D-Flow numerical simulation software is a real fracture process analysis system based on elastic damage theory and finite element basic theory. It can simulate the permeability evolution law and the seepage-stress coupling mechanism during crack initiation and expansion, which has been described in detail elsewhere, 26, 39 3.1 | Analysis of classical Biot seepage mechanics coupling equation Biot 1 has made a systematic study on the fluid-solid problem in seepage flow. The pore water pressure P and variation ∆n are added into state variables, and the constitutive equations reflecting fluid-solid coupling are deduced and sorted out. The basic equations are expressed as follows 41 :
Equilibrium equation: 
Geometric equation:
Constitutive equation:
Seepage equation:
In the Equations 1-5, P and ∆n are, respectively, the pore water pressure and the pore water change amount; ρ is the physical density; ∇ 2 is the pull operator; δ is the Kronecker constant; K ij is the permeability coefficient; σ ij , σ ij ', and ɛ ij are, respectively, total stress, effective stress, and total strain; α is called the pore water pressure coefficient; G and λ are, respectively, the shear modulus and the Lame coefficient; H and R(Q, α) are the Biot constant. 1/R measures the change in water capacity due to changes in water pressure; and 1/H measures the change in the overall volume of the medium due to changes in water pressure. θ is the pore water pressure coefficient, and it is determined by the test. 1/Q is the amount of water squeezed into the porous medium under the action of water pressure in the case where the volume of the porous medium is constant. Where Q, R, H, and θ satisfy the following relationship
In Equation (6), E and K' are, respectively, the modulus of elasticity and volume. For rock mass, pore water pressure coefficient θ is between 0 and 1.
| Analysis of seepage-stress coupled equations for mesoscopic unit damage evolution
Based on the constitutive relationship of uniaxial tension and compression, Yang et al 41 elaborated the seepage-stress coupling equation in the elastic damage evolution process of the element under general stress state. When the stress state or strain state of the unit reaches a given deformation threshold, the unit begins to damage. Figure 5 shows the constitutive relation when the mesoscopic element is uniaxially loaded (either compression or tension). Initially, there is no deformation to the unit, and the stress-strain curve is linear or elastic. When the maximum tensile or compressive strain is reached, the unit undergoes brittle deformation.
The constitutive relation of elastic brittleness with residual strength under uniaxial tension is expressed as follows:
The permeability coefficient K is expressed as.
In Equations 8 and 9, β is the coupling coefficient; ω is the deformation variable; and f t is the uniaxial tensile strength. ξ(ξ> 1) is the permeability jump coefficient, which characterizes the increase in the permeability coefficient before and after the unit deformation under the same stress state, it can be obtained by the stress-strain-permeability test; f tr is the residual strength at the initial tensile failure; ɛ t0 is the tensile strain threshold when the uniaxial stretching criterion (σ 3 ≤ −f t ) is employed. In the uniaxial tensile stress state, ɛ t0 is obtained by the following formula.
When the unit uniaxial tensile strain reaches ɛ t0 , the unit begins to failure; meanwhile, ω decreases continuously, and the permeability coefficient is calculated according to (Equation 9); when the maximum tensile principal stress reaches ɛ tu , it is considered that the unit has completely lost the bearing capacity, the unit is under permanent strain, that is, ω = 1.
According to the Mohr-coulomb criterion, the constitutive equation under uniaxial compression stress state is
The expression of permeability coefficient K is In Equations 11 and 12, λ′ is the residual strength coefficient, which satisfies the relationship f t /f tr = f c /f cr = λ′; ɛ c0 is the maximum pressure principal strain corresponding to the maximum compressive principal stress when reaching its uniaxial compressive strength. In the state of uniaxial compressive stress, ɛ c0 is calculated by the following formula When the uniaxial tensile strain of the unit reaches ɛ c0 , the unit begins to deformation and ω decreases continuously, and the permeability coefficient is calculated according to (Equation 12); when the maximum tensile principal stress reaches ɛ cu , it is considered that the unit has completely lost the bearing capacity, and the unit is in a completely damaged state.
Through the above analysis, the seepage-stress coupling constitutive equation and the unit failure evolution constitutive equation are explained in detail. Based on the above equation, RFPA 2D -Flow software conducts seepage analysis, stress analysis, failure analysis, and coupling analysis of rock failure process. It simulates the entire process of rock failure under seepage-stress coupling.
| NUMERICAL MODEL
RFPA2D-Flow software discretizes the heterogeneous material. The mechanical properties of the discretized mesoscopic unit are subject to the Weibull statistical distribution law, and the homogeneity coefficient m is used to reflect the uniformity of the material. The larger the m, the more homogeneous the rock; on the contrary, the smaller the m, the less heterogeneous the rock. The unit's elastic modulus E 0 , the uniaxial compressive strength σ c , the Poisson's ratio ν, the pore water pressure coefficient α, and the permeability coefficient K obey the Weibull random distribution. 40 In Equation (14), S is E 0 or σ c or K; S 0 is the average value corresponding to it, and the specific values of the mechanical properties of the sample are shown in Table 1 . 36 In order to simulate the failure of different bedding shale better, we use different dip angles to obtain different dip bedding shale to establish a numerical model, as is showed in Figure 6 .
The calculation model was built-in the RFPA 2D -Flow software. Model height is 100 mm, and the diameter is 50 mm. The model is divided into 200 × 100 units. It is well known that shale has a layered structure plane. Therefore, we consider the shale and its bedding plane in the model establishment, and combine the mechanical parameters in the shale and the layer to establish two media with different mechanical properties to characterize the shale matrix and the weak surface of the layer, which is shown in Figure 7 .
In this experiment, we establish the shale numerical models with different dip angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90°, as is showed in Figure 7 . The brightness of the element in the model characterizes the element's modulus of elasticity. The brighter the color is, the greater the modulus of elasticity. Conversely, the darker the color is, the lower the modulus of elasticity. The model satisfies the results of coring at different angles to make the research results better in line with the actual situation. In this paper, we simulate the failure mode of shale under osmotic pressure-stress coupling. The numerical model loading diagram is shown in Figure 7 . And the bottom end of the sample is fixed. First, add a certain axial pressure P 1 , the fixed confining pressure P 2 = 10 MPa, and set the osmotic pressure difference (Δ = P 3 − P 4 ) at the upper and lower ends of the sample, and the osmotic pressure is 4MPa. Then, the whole process is loaded by displacement control. The initial displacement is 0.001mm, and the displacement increment △S = 0.0002 mm.
| RESULTS AND ANALYSIS
| numerical simulation results of seepage-stress coupling
Under fixed osmotic pressure, the compressive strength, elastic modulus, and failure mode of different bedding shale under osmotic-stress coupling are different. Table 2 shows the compressive strength and elastic modulus values of 7 groups of shale under the osmotic-stress coupling
action at an osmotic pressure of 4MPa, in which inclination α is the angle between the weak surface of bedding and the horizontal direction. Figure 8 shows the variations in the compressive strength and the elastic modulus with the azimuth angle. In the figure, the left axis represents the compressive strength and the right axis represents the elastic modulus. It can be seen that the shale of different bedding angles exhibits significant anisotropy under the seepagestress coupling, which is due to the weak cementation of the bedding plane. The maximum compressive strength occurs when α = 60°, which is 47.09 MPa. When α = 45°, the compressive strength is the lowest, at 42.83 MPa. The difference between the maximum and minimum compressive strength is 4.26 MPa, which is 9% of the maximum. The elastic modulus shows an increasing trend as a whole, but decrease at α = 15°. The maximum modulus of elasticity occurs when α = 90°, which is 42 GPa. When α = 15°, the modulus of elasticity is the lowest, being 38.27 GPa. The difference between the maximum and minimum values of the elastic modulus is 3.73 GPa, which is 8.9% of the maximum value. This indicates that the bedding direction has a significant effect on the compressive strength and elastic modulus of shale under the effect of osmotic-stress coupling. This is because the shale is affected by the weak cementation of the bedding weak surface. Bedding planes with different dip angles cause different stress concentrations of the shale under loading conditions, which lead to different compressive strength of different bedding shale. Figure 9 shows the evolution of cracks, the failure mode, and the acoustic emissions for various azimuth angles under seepage-stress coupling. We can see it clearly different bedding angles make the shale failure modes different. When α = 0°, the initial crack is formed in the shale matrix in the upper left corner and the upper right corner, and then the left side extends along the middle of the initial crack to the middle of the bed surface, and the angle between the plane and the bedding surface is about 45°, until the V-mode failure mode is formed; when α = 15°, the initial crack is formed in the middle of the shale and then extends to the left and right sides until an inverted V-shaped failure mode is formed; when α = 30°, the initial crack is formed at the edge of the two bedding planes in the middle of shale, and then the failure is extended along the edge of the bedding plane, and the matrix is broken through until the multi-broken line failure mode is formed; when α = 45°, initial crack appears in the bedding weak surface, and then along the bedding plane and matrix extension until the oblique I form is formed; when α = 60°, since the initial crack is distributed on the two bedding planes, the cracks are broken along the two lamination planes, and finally, the through matrix connects the two fracture planes until the oblique N shape is formed; when α = 75°, the initial crack is formed in the lower left corner of the shale and extends at an angle of about 30° with the bedding plane until an oblique N-type failure mode is formed; when α = 90°, an initial crack is formed in the upper right corner of the shale, extending at an angle of about 45° along the bedding plane until an oblique I-type failure mode is formed. To sum up, due to the characteristics of the bedding and the presence of osmotic pressure, the shale forms five final failure modes, namely V type (0°), inverted V type (15°), multi-line type (30°), oblique I type (45°, 90°), oblique N type (60°, 75°). In the AE diagram of Figure 9 , red represents tensile failure, white represents shear failure, and black represents complete failure. It can be clearly seen that the failure modes of all dip bedding shale are mainly tensile failure and accompanied by shear failure. This is because the compressive strength of shale is much greater than the tensile strength. Under the effect of seepage-stress coupling, the tensile stress first reaches the limitation, and the failure mode is dominated by tensile failure. We can see from the acoustic emission diagram that the spatial distribution of acoustic emission points reflects the macroscopic failure mode of the pattern well.
The weak cementation of sedimentary structure and bedding surface of shale is the main cause of failure mechanism anisotropy. 12 From our analysis, the five failure modes above are mainly caused by the different failure mechanisms of bedding shale with different dip angles under different loading conditions. The failure modes of all layered dip specimens are mainly tensile failure accompanied by shear failure, which can be seen from the acoustic emission image. When α = 45° and α = 60°, the failure mode of the specimen is mainly dominated by the tensile failure of the bedding plane,the failure mode of the specimen at other angles is characterized by the composite failure of the matrix and the bedding plane; when α = 90°, the failure mode of the sample does not break along the bedding plane. This is due to the confining pressure and osmotic pressure, which make the sample failure mode appear oblique I; when α = 30°, the failure mode of the sample exhibits a multi-line shape with small crack branches, forming a complex crack network.
| Fractal characteristics of shale damage process
At present, using the overlay method to determine the fractal dimension of an object is one of the most common methods. Fractal dimension D, spectral density index γ, parameter β, etc are used to describe the basic parameters of fractal theory, in which fractal dimension D is the core parameter, and the calculation formula is as follows, 2, 14 where D is the self-similar fractal dimension of the failure region; µ is the square box side length; and N(µ) is the number of boxes required to cover the entire area of the broken area with a square box with a side length of µ. The acoustic emission energy values and fractal dimension values of different stress levels obtained by seepage-stress coupling of different layered dip shale are shown in Table  3 . The fractal dimension values of the complete failure are shown in Table 4 . It can be found that the fractal dimension value increases as the acoustic emission energy increases. When the stress level is 100%, the acoustic emission energy of the 15° sample is 2.54 443, and the fractal dimension is 1.23 215. The 90° sample has an acoustic emission energy of 0.8622 and a fractal dimension of 1.07 226. Figure 10 shows the AE energy versus the stress for various azimuth angles under seepage-stress coupling. It can be seen that the acoustic emission energy value increases with the increase in the stress level during the rupture of different dip bedding shale. When the stress level is <80%, the acoustic emission energy value of each group of samples tends to be gentle and in a quiet period. When the stress level is >40%, the AE energy value appears in the 15° sample; the 0°, 30°, 45°, 60°, and 75° samples exhibit AE energy values at stress level is >50%; the 90° sample has an AE energy value when the stress level is >60%; this is due to the combination of confining pressure and bedding structure. When the stress level exceeds 80%, the AE energy values of the 60° and 15° samples increase rapidly; when the stress level exceeds 90%, the AE energy value of the 15° sample sharply increases to the maximum, followed by 60°, and the 90° sample growth is the most gradual. This indicates that the layer has a significant effect on the release of acoustic emission energy during shale rupture. When the stress reaches the peak value, the energy released by the 15° sample is the largest, the failure is the most severe, and the internal damage is the most serious. Figure 11 shows the fractal dimension versus the stress for various azimuth angles under seepage-stress coupling. It can be seen that the fractal dimension appears when the stress level is >40%, and as the internal failure of the shale accumulates, the fractal dimension increases with the increase in the stress. When the stress level is >40%, the fractal dimension D value begins to appear in the 15° sample; when the stress level is >50%, the fractal dimension D values begin to appear at 0°, 30°, 45°, 60°, and 75° samples; when the stress level is >60%, the fractal dimension D value appears in the 90° sample. This is because of the difference in the damage of different layered shale due to the effect of the bedding plane and the confining pressure, resulting in the difference in fractal dimension. When the stress level is <90%, the F-value of the fractal dimension D of the 60° sample increases the fastest; when the peak stress level, 15° sample D values increase sharply to the maximum, 1.232 159; 0° and 90° samples D values are the lowest, at 1.086 414 and 1.072 262, respectively. According to the above description, under the effect of seepage-stress coupling, the bedding direction has a significant effect on the generation and development of microcracks inside shale. After the bedding and the matrix are subjected to the load, the microcracks are more easily to be produced than the simple bedding or matrix. The crack development of 0° and 90° samples is slower than other angles. Figure 12 shows the relationships of azimuth angles with the fractal dimension under different stress levels. As can be seen from Figure 10 , when the stress level exceeds 50%, the value of individual points is ignored, and the curve of the dip-fractal dimension changes in an M shape. When the stress reaches the peak value, the fractal dimension of the 15° sample is the largest, which is 1.232 159; the fractal dimension values of the 0° and 90° samples are the smallest, at 1.086 414 and 1.072 262, respectively; when the sample is completely destroyed, the fractal dimension of the 30° sample is the largest, which is 1.41 699, followed by the 0° and 15° samples, the 60° and 75° samples are smaller, and the fractal dimensions of the 45° and 90° samples are the lowest. The minimum number is 1.286 181 and 1.281 991. The reason is that under the coupling of seepage and stress, when the stress reaches its peak, although there is a crack in the shale, it is not completely through and continues to apply the load. New microcracks will continue to be produced and microcracks will be fully penetrated to form macroscopic cracks. Further analysis shows that the macroscopic cracks of the 45° and 90° specimens are inclined I, and the failure mode is single, so the fractal dimension is the smallest. The macroscopic failure crack of the 30° sample is multi-folded, forming a crack network, and the fractal dimension is the largest. For the failure modes of an inverted V, V, and oblique N, the fractal dimension is between the oblique I and the polyline. Therefore, the larger the value of D is, the more severe failure of shale and the more complicated the failure mode.
| CONCLUSION
Through this experiment, the following conclusions can be drawn:
1. The bedding has a significant effect on the compressive strength and modulus of elasticity of the shale. As the bedding angle α increases, the change curve of compressive strength was M-shaped, showing obvious anisotropy. However, the elastic modulus of shale increased with the increase in bedding inclination α. 2. Due to the influence of the weak cementation of the bedding plane, the shale sedimentary structure, and loading conditions, the bedding plane of different dip angles has different effects on the failure mode of shale and finally show five failure modes, namely V type (0°), inverted V type (15°), multi-line type (30°), oblique type I (45°, 90°), and oblique N type (60°, 75°). 3. Since the spatial distribution of the acoustic emission point has fractal characteristics, the magnitude of the fractal dimension can reflect the shale failure mode. After the stress level exceeds 50%, the fractal dimension shows a M-type distribution trend with the increase in the bedding angle. When α = 30°, the maximum is 1.41 699, and the macroscopic crack is multi-line type; the minimum is α = 45° and α = 90°, the values are 1.286 181 and 1.281 991, respectively, and the macro crack is inclined I. The fractal dimension values of other samples ring from 1.286 181 to 1.41 699, and the failure modes are V type (0°), inverted V type (15°), and oblique N type (60°, 75°). Therefore, the larger the fractal dimension of the acoustic emission point is, the more complicated the corresponding failure mode is; with the stress level increasing, the fractal dimension values of each group of samples increase. 4. The different distribution and groups of shale and the different environment of exploitation will affect the exploitation efficiency of shale gas. In this paper, only the osmotic-stress coupling test of the Lower Cambrian Niutitang Formation shale in the Fenggang block provides a new idea for studying the physical properties and failure modes of shale, especially in layers with different dip angles. A detailed analysis is made in the influence of the rock failure mode. Subsequent effects of confining pressure, osmotic pressure, and other factors on the strength, failure modes, and fractal characteristics of different inclined bedding shale will be carried out.
